We present a technique for patterning thin-film metals (silver and gold) without the need for photolithography. The technique involves microfluidics and can be performed on planar or curved surfaces. Patterns of thin-film metal are fabricated by flowing electroless silver or gold plating solutions through predefined microchannels made of polydimethylsiloxane sealed against a surface of interest. We demonstrate metal resistors with 100-m-wide traces fabricated on planar and curved surfaces. The surface profile, mechanical gauge factor, and temperature coefficient of We report a general strategy for producing precision patterns of metal thin films using microfluidic means on samples with a broad range of shapes, sizes, and curvature. We have demonstrated this method using two metals: silver and gold. This research is motivated by limitations faced by existing photolithographic methods for producing precision thin-film patterns.
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Thin film metals are widely used for electrical conductors, resistors, inductors, waveguides, microelectromechanical systems, and optical applications. The metal is typically deposited by evaporation, sputtering, or electroplating, and precisely patterned via photolithographic methods. There are several limitations in photolithography-based patterning techniques.
(1) The object on which patterns are made must have a finite size (e.g., fit inside either a vacuum deposition chamber, or in a liquid container as in the case of electroplating). (2) Thin-film metal patterns are usually made on flat surfaces, specifically, flat semiconductor or glass wafers. Uniform linewidth definition cannot be achieved on curved surfaces due to difficulties in photoresist deposition and obtaining in-focus exposure. 1 (3) Photolithography requires special equipment and facilities.
Several methods are available to overcome certain subsets of these limitations. Methods such as direct write, 2,3 direct tooling, 4 and shadow masking 5 have been used to produce microstructures on curved surfaces. However, these techniques all require expensive, bulky equipment. Microcontact printing using polydimethylsiloxane (PDMS) stamps offers a viable solution. 6, 7 The limitation of microcontact printing is that microelectronics equipment must still be used to deposit a layer of metal on the substrate beforehand.
The method reported here addresses these limitations. (1) It allows deposition of precision thin-film metal patterns on large objects. For example, metal resistors or diffraction gratings can be deposited on walls of beakers or Petri dishes for sensing and heating. It is projected that direct deposition can be performed to functionalize large surfaces such as automotive wind shields, aircraft wings, and many others objects currently off limits to photolithographic processes. (2) By using a compliant material [e.g., polydimethylsiloxane (PDMS)] with a distributed fluidic network, large area lithography can be performed on nonplanar surfaces. and metal deposition processes and the reliance on special equipment and facilities.
This method involves two major steps, depicted in Fig.  1 . In the first step, microchannels are made in PDMS through molding [ Fig. 1(a) ]. 8 The channel shape corresponds to the desired thin-film metal patterns. In the second step, the PDMS piece is sealed against a surface of interest to form enclosed microfluidic channels [Figs. 1(b) and 1(c)]. The surface could be planar or curved. Electroless plating solutions are flowed through the channels where, subsequently, deposition of thin-film metal occurs [ Fig. 1(d)] . The PDMS is then removed, leaving only thin-film patterns on surfaces [ Fig. 1(e) ].
The practice of in-channel deposition of materials has been demonstrated in the past. For example, this method is applicable for the deposition of metals (silver and nickel), 9, 10 inorganic crystals, 11 organic polymers, 12 proteins, 13 and cells 14 using both additive and subtractive processess. 9, 15 For example, Kenis, Ismagilov, and Whitesides 9 created a pH meter by using microfluidic channels to pattern a gold strip that was evaporated onto a glass slide and then to deposit a silver reference electrode. Papra et al. 13 patterned various substrates with proteins using microfluidic networks. In this study, we have demonstrated gold deposition, investigated the functionality of this method with curved substrates, and extended the applications of this technique.
The fabrication of channels in PDMS can be accomplished by molding precursor polymer against a surface with precision-defined topographical features and peeling off the cured mold. In general, the topographical features on the negative mold can be made using patterned photoresist, electroplated metal, or by etching silicon or glass. Photolithography is typically necessary to create such features; however, the master can be used repeatedly. In the future, low cost decal masters can be used to eliminate the need for photolithography.
A representative process is described as follows. Positive photoresist (AZ4620, Clariant, Somerville, NJ) is spun on a 75-mm-diam Pyrex glass wafer and cured to achieve a total thickness of 20 m. The photoresist is then patterned using the transparency mask and developed to yield ridges or other features 20 m in height. After development, the photoresist is hard baked at 125°C for 20 min to round the edges of channels. The patterned wafer is treated with chlorotrimethylsilane (Dow Corning, Midland, MI) vapor for 45 s to facilitate the release of PDMS from the master. 16 PDMS molds are then created using a 10:1 mixture of PDMS prepolymer and curing agent (Sylgard 184, Dow Corning, Midland, MI). A mixture of these two solutions is degassed for 30 min in a vacuum. The PDMS is poured onto the glass wafer, cured at 90°C for 15 min, peeled from the wafer, and cut to size. Finally, fluid inlet/outlet parts are made using a manual drill piece.
The shape of the patterned thin-film metal corresponds directly to that of the fluid channel. We demonstrate the technique using metal resistors made of silver or gold. Other features such as gratings or coils are also possible. Adopting different chemicals accommodates deposition of other metals. This technique is known to work on silicon, silicon dioxide, PDMS, Pyrex glass, and Kapton polyimide. Additional substrates can be facilitated by surface treatment or chemical modification.
For electroless deposition of silver on a surface, the desired substrate is first treated with tin chloride wetting agent (No. 93 Sensitizing Solution, Peacock Laboratories, Philadelphia, PA) diluted 4:1 in de-ionized water. The surface (glass in our case) is allowed to dry and the PDMS resistor mold is placed on the substrate. The silvering reagents are prepared by diluting the stock solutions (HE-300 Silvering Solutions, Peacock Laboratories, Philadelphia, PA) in a 1:1 ratio with de-ionized water. Silvering solution is then prepared by thoroughly mixing 300 l of the silver nitrate solution with 300 l of the sodium hydroxide activating solution and 100 l of reducing agent. The solution is then flowed through tubing pressurized at 2 psi connected to the inlet port. Continuous flow is employed to allow the reaction to take place in the channels for approximately 10 min. Afterwards, the remaining fluid is removed from the channels by a downstream vacuum. Finally, the PDMS mold is carefully removed from the substrate surface. For creation of gold resistors on a surface, the substrate is prepared by wiping on a 4:1 dilution of tin chloride wetting agent in de-ionized water. The gold solution and gold addition agent are mixed together using 300 l of each stock solution (EG-2000 Gold Solutions, Peacock Laboratories, Philadelphia, PA). Two drops ͑ϳ100 l͒ of stock gold reducing solution are then added to the mixture with agitation. The remaining steps involving the patterning of the gold resistor on the surface are identical to those for silver resistors.
The flexibility of the PDMS piece allows for the creation of enclosed channels on curled and rounded surfaces. Resistors were patterned on glass and polyimide surfaces with a radius of 4.40 cm, as seen in Fig. 2 .
The thickness and surface profile of the fabricated silver resistors are analyzed using an optical profiler (NT-1000, Veeco, Woodbury, NY). Figure 3 shows the surface profile of two resistors made with varying reaction times. For short reaction times (less than 5 min), it was observed that the sidewalls of the resistor have a greater thickness than the center. This is because the chemistry used in this process takes the form of a surface reaction. Silver is deposited at the walls of the channel and since the sides are in contact with the PDMS mold, the increase in exposed surface area results in more precipitant removed from solution.
The metal thickness as a function of mass flow rate and reaction time is characterized in Table I . Thickness uniformity is found to be greatly improved when the direction of the flow is alternated periodically. The initial concentration of reducing agent affects the reaction rate significantly. Decreasing the amount of reducing agent by half more than triples the reaction time, while doubling the initial amount causes the reaction to go to completion before it can be loaded into the microchannels.
Resistances ranged from 10-500 ⍀ for a particular design with the average film thickness ranging from 300 to 4000 Å. We have obtained the temperature coefficient of resistance (TCR) value by recording resistance at varying substrate temperatures. The TCR value of the silver resistors fabricated with this process was determined to be 1970 ppm/°C, which is significantly lower than reported values for thin-film silver. 17 This is probably due to the deposition process itself, which may not deposit the silver as densely as other methods. The finite TCR value establishes the fact that the metal resistor can function as a temperature sensor.
The resistors were shown to function as ohmic heaters as well. Figure 4 shows the temperature profile of a silver resistor patterned on a glass slide with different levels of dc current applied to it. Heating experiments have also revealed that these resistors can sustain current densities up to 5 mA/m 2 . The resistors were also tested as hot-wire flow sensors. A resistive heater is biased and heated. The steady state temperature (and the resistance value) is dependent on the rate of convective heat loss to the surrounding media, which is a function of the flow rate. Silver resistors were patterned on 100-m-thick polyimide film with silver leads painted on to allow for more stable connection of external wiring to the resistors. PDMS flow channels were then placed on the polyimide film and permanently attached with epoxy. Water was flowed through the channels using a constant flow-rate syringe pump while the resistance changed linearly with flow rate within a given range. The yield, reliability, and costs of this process were comparable to flow sensors fabricated by the well characterized AMANDA process. 18 The resistors were also tested as strain gauges. The gauge factor was estimated to be 3.37 for resistors fabricated on 100-m-thick Kapton film (polyimide). The estimation is experimentally obtained by measuring the resistance change while the polyimide substrate is curved by external forces. The strain was calculated using the formula = t / ͑2r͒, where t is the thickness of the polyimide film and r is the radius of curvature of the substrate. It is assumed that the thickness of the metal film is negligible compared to the polyimide film thickness. 
